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ABSTRACT 

We conduct a wide-field narrow-band imaging survey of [O n] emitters in and around 
the XMMXCS J2215.9-1738 cluster at z = 1.46 with Subaru/Suprime-Cam. In a 
32'x23' area, we select 380 [On] emitting galaxies down to 1.4 x 1CP 17 erg s _1 cm~ 2 . 
Among them, 16 [O n] emitters in the central region of the cluster are confirmed by 
near-infrared spectroscopy with Subaru/MOIRCS, suggesting that our photometric 
' selection is valid to sample [On] emitters at z = 1.46. We find that [On] emitters 

Oh are distributed along filamentary large-scale structures around the cluster, which are 

among the largest structures of star-forming galaxies ever identified at 1.3 < z < 3.0. 
£^ ' Wc define several environments such as cluster core, outskirts, filament, and field, in 

. order to investigate the environmental dependence of star- forming galaxies at z = 1.46. 

The colour-magnitude diagram of z' — K vs. K for the [O n] emitting galaxies shows 
that a significantly higher fraction of [O n] emitters with red z' — K colours is seen 
in the cluster core than in other environments. It seems that the environment which 
hosts such red star- forming galaxies shifts from the core region at z = 1.46 to the 
outskirts of clusters at lower redshifts. The multi-colour analysis of the red emitters 
■ indicates that these galaxies are more like nearly passively evolving galaxies which 

host [O n] emitting AGNs, rather than dust-reddened star-forming [O n] emitters. We 
CN) , argue therefore that AGN feedback may be one of the critical processes to quench 

star formation in massive galaxies in high density regions. The emission line ratios of 
[Om]/H/3 and [Nil] /Ha of the [On] emitters in the cluster core support that there 
is a moderate contribution of AGN to the emitters. We also find that the cluster has 
experienced high star formation activities at rates comparable to that in the field at 
z = 1.46 in contrast to lower redshift clusters, and that star formation activity in 
galaxy clusters on average increases with redshift up to z — 1.46. In addition, line 
' ratios of [Nil] /Ha and [Oni]/H/3 indicate that a mass-metallicity relation exists in 

5_i , the cluster at z = 1.46, which is similar to that of star- forming galaxies in the field at 

z ~ 2. These results all suggest that at z ~ 1.5 star formation activity in the cluster 
core becomes as high as those in low density environments and there is apparently not 
yet a strong environmental dependence, except for the red emitters. 

Key words: galaxies: clusters: general - galaxies: clusters: individual: XMMXCS 
J2215. 9-1738 - galaxies: evolution. 
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1 INTRODUCTION 

Recently, galaxy clusters at high redshift of z > 1, especially 
z > 1.5, are found one after another (Kurk et al. 2009; Pa- 
povich et al. 2010; Tanaka et al. 2010; Henry et al. 2010; Go- 
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bat et al. 2011; Fassbender et al. 2011). These high-z clusters 
provide important clues to understanding galaxy formation 
and evolution, since the redshift of z > 1 approaches the 
epoch when galaxy clusters were formed. The importance of 
z > 1 on galaxy evolution is also supported by the fact that 
the cosmic star formation activity and the number density of 
active galactic nuclei (AGN) both come to a peak at 2=1-3 



© 2011 RAS 



2 M. Hayashi et al. 



(e.g., Ueda et al. 2003; Hopkins & Beacom 2006), and this 
redshift range corresponds to the epoch when galaxies and 
AGNs are evolving vigorously. In galaxy clusters at low and 
intermediate redshifts of z < 1 , a prominent sequence of red 
galaxies is seen in a color-magnitude diagram (e.g., Bower 
et al. 1992; Kodama et al. 1998; Stanford et al. 1998; van 
Dokkum et al. 1998; Blakeslee et al. 2003; Tanaka et al. 2005; 
De Lucia et al. 2007). It is also well-known that clusters are 
dominated by early-type galaxies. On the other hand, in 
proto-clusters at high redshift of z > 3, overdense regions 
of star-forming galaxies such as Lyman alpha emitters and 
Lyman break galaxies are reported (e.g., Steidel et al. 1998). 
Kodama et al. (2007) found a deficit of massive galaxies on 
red sequence in proto-clusters at z ~ 3, while such red galax- 
ies are already in place in proto-clusters at z ~ 2 (see also 
Kajisawa et al. 2006; Kriek et al. 2008; Doherty et al. 2010). 
These results suggest that the blue star-forming galaxies in 
the early phase evolve to red passive galaxies in high density 
regions during the redshift interval of 1-3. In fact, recent 
studies show that clusters at z > 1.5 are conducting ac- 
tive star formation even in the core regions (Hayashi et al. 
2010; Hilton et al. 2010; Fassbender et al. 2011; Papovich 
et al. 2010; Tran et al. 2010). It is thus important to reveal 
star formation and AGN activities in galaxy clusters at this 
epoch. 

An effective method of selecting star-forming galaxies 
is to search for emission line galaxies based on narrow-band 
imaging, which enables us to sample star-forming galaxies 
with line emission stronger than a certain limiting flux and 
an equivalent width. A wide-field imaging is also essential 
to cover cluster outskirts and surrounding field regions as 
well as cluster cores for environmental studies. Recent stud- 
ies have discovered that the medium-density regions in the 
outskirts of galaxy clusters are the key environment to de- 
termine galaxy properties such as colours and star formation 
activities during the course of cluster assembly (Tanaka et al. 
2005; Koyama et al. 2008). They found that the colours of 
galaxies change sharply from blue to red in such medium- 
density regions. Furthermore, Koyama et al. (2008) found 
that it is possible that star formation is the most active in 
the medium-density regions at z = 0.81. These studies have 
demonstrated the importance of wide-field surveys compre- 
hensively covering all the range in environments from cluster 
cores to the surrounding fields. 

Moreover, follow-up spectroscopy of the emitters de- 
tected in the narrow-band imaging is essential to charac- 
terize their detailed properties such as dust-corrected star 
formation rate (SFR) , AGN contribution and gaseous metal- 
licity. At z — 1 — 3, because all the useful emission lines 
such as Ha, H/3, and [O III] are redshifted into the near- 
infrared regime, deep multi-object near-infrared (NIR) spec- 
troscopy becomes critically important and effective. Dust 
correction is one of the major uncertainties in characterizing 
galaxy properties from the observed data, and the Balmer 
decrement measurement (H/3/Hq) with NIR spectroscopy 
is essential to make accurate correction for dust extinction. 
Moreover, recent NIR spectroscopic observations of star- 
forming galaxies at high redshifts have revealed that there 
is a mass-metallicity relation up to z ~ 3, and that the 
chemical evolution is seen in the sense that galaxies with a 
given stellar mass have lower metallicities on average with 
increasing redshift (Maiolino et al. 2008; Mannucci et al. 



2009). More recently, Mannucci et al. (2010) discovered a 
fundamental relationship between stellar mass, metallicity, 
and SFR, which indicates that galaxies with smaller stel- 
lar masses and/or higher SFRs have lower metallicities. It 
should be noted that metallicities of galaxies also depend on 
the sample selection (e.g., Hayashi et al. 2009; Yoshikawa 
et al. 2010; Onodera et al. 2010). All these previous studies 
were, however, conducted in general fields, and it is yet un- 
known whether such mass-metallicity relation is established 
in clusters and how it depends on environment. Metallicity 
of star-forming galaxies provides information on the inte- 
grated star formation history in galaxies and it is indepen- 
dent from the snap-shot measurement of on-going star for- 
mation rate at each epoch. Therefore, the NIR spectroscopy 
of star-forming galaxies in various environments at z > 1 is 
the key to understanding galaxy evolution and its environ- 
mental dependence in much greater detail. 

We have been conducting deep and wide-field surveys of 
H a and [O II] emitters in some general fields and in galaxy 
clusters at various redshifts at z > 0.4 as MAHALO-Subaru 
project (MApping HAlpha and Lines of Oxygen with Sub- 
aru; PI is T. Kodama) . Among the clusters targeted by our 
project, XMMXCS J2215. 9-1738 cluster (hereafter XCS2215 
cluster) at z = 1.46 (Stanford et al. 2006) is one of the 
most massive galaxy clusters at high redshift of z > 1. 
Hayashi et al. (2010) reported a deep survey of [O II] emit- 
ters in the central 6'x6' region of the XCS2215 cluster, and 
found that there are a lot of star forming galaxies even in 
the cluster core where almost no star formation is seen in 
lower- z clusters. Hilton et al. (2010) found eight mid-infrared 
(24(im) sources in the central region of the XCS2215 cluster 
with Spitzer/MIPS, which supports our results that a rela- 
tively large fraction of galaxies in the XCS2215 cluster are 
still having active star formation. The previous [O II] sur- 
vey (Hayashi et al. 2010) was limited to the central 6'x6' 
area where we had the MOIRCS if s -band data as well. In 
this paper, we expand our previous survey to the outskirts 
of this cluster in order to investigate the environmental de- 
pendence of galaxy properties at z = 1.46. Our new UKIRT 
wide-field i^-band imaging data now enable us to perform 
the analysis over the full Suprime-Cam field across ~30 ar- 
cmin in diameter. At the same time we perform follow-up 
NIR spectroscopy of [O II] emitters identified in the central 
region of the cluster to examine their properties in detail. 

The structure of this paper is as follows. Observations 
and available data for the XCS2215 cluster are described in 
§ 2. Then, [Oil] emitters at z = 1.46 around the cluster are 
selected from the photometric catalogues in § 3. Some of the 
[O II] emitters are confirmed by spectroscopy in § 4. In § 5, 
environmental dependence of colour, SFR, and specific SFR 
are discussed, and we compare the star forming activity of 
this cluster to those of lower- z clusters in § 6. In § 7, we in- 
vestigate AGN contribution, dust extinction, and gas-phase 
metallicity based on the emission line ratios between H a, 
H/3, [Olll], and [Nil] lines. Finally, in § 8, we summarize 
our results of this paper and make conclusions. Throughout 
this paper, magnitudes are presented in the AB system, and 
we adopt cosmological parameters of h = 0.7, fi m = 0.3 and 
JIa = 0.7. Vega magnitudes in J and K, if preferred, can 
be obtained from our AB magnitudes using the relations: 
J(Vega)=J(AB)-0.92 and X(Vega)=X(AB)-1.90, respec- 
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Table 1. Summary of the optical and NIR imaging data. The limiting magnitudes are measured with a 2"diameter aperture. Note that 
J-band data are available only in the central region of the cluster, and its depth depends on the position due to non-uniform integration 
times. The PSFs in all the co-added images are matched to 1.09 arcsec. 



filter 


effective area 
(arcmin 2 ) 


net integration 
(minutes) 


limiting mag. 
(3a) 


instrument 


observation date 


B 


32x23 


140 


27.6 


Subaru/Suprime-Cam 


2008/07/30-31* 


R c 


32x23 


88 


27.1 


Subaru/Suprime-Cam 


2009/07/20 


i' 


32x23 


90 


26.8 


Subaru/Suprime-Cam 


2009/07/20 


z> 


32x23 


80 


25.8 


Subaru/Suprime-Cam 


2008/07/30-31+ 


NB912 


32x23 


260 


25.8 


Subaru/Suprime-Cam 


2008/07/30-31+ 


J 


6x6 


32.5 - 92.3 


23.8 - 24.6 


Subaru/MOIRCS 


2007/08/07*, 2008/06/29-30* 


K 


32x23 


123 


23.4 


UK1RT/WFCAM 


2010/07/30-31 



f Hayashi ct al. (2010), \ Hilton et al. (2009) 



tively. In z = 1.46, 1 arcmin corresponds to 1.25 Mpc (co- 
moving) and 0.51 Mpc (physical), respectively. 



2 OBSERVATIONS AND DATA 
2.1 Optical imaging data 

We have obtained optical imaging data of the XCS2215 
cluster with Subaru Prime Focus Camera (Suprime-Cam; 
Miyazaki et al. 2002) on the Subaru telescope. Suprime-Cam 
consists of ten 2048x4096 CCDs with a pixel scale of 0.20", 
and has a wide field-of-view (FoV) of 34x27 arcmin 2 , which 
enables us to cover from the central region to the outskirts 
of the cluster by a single pointing. Our multi-wavelength 
data set consists of four broad-band images in B, R c , i' , 
z' bands, and a narrow-band image of NB912 (A C =9139A, 
AA=134A). 

The observations were conducted in two semesters. The 
B, z' , and NB912-band imaging were performed under a nor- 
mal open- use program (S08A-011, PI: T. Kodama) on 2008 
July 30-31, while R c and i'-band imaging were performed 
under a service-mode open-use program (S09A-168S, PI: M. 
Hayashi) on 2009 July 20. The details of the observation 
and data reduction for B, z and NB912 data are described 
in Hayashi et al. (2010). In this paper, therefore, we mainly 
describe the additional data in R c and i! . The individual 
exposure times of a frame in R c and i' were 8 and 6 min- 
utes, and the total integration times were 88 and 90 minutes, 
respectively. The weather was fine during the observations. 
The sky condition was mostly photometric, although thin 
cirrus occasionally passed the targeted location. The seeing 
was 0.6-0.8 arcsec in both R c and i' . 

The data reduction of R c and i' was carried out in the 
same manner as for the B, z' , and NB912 data, and we 
used the data reduction package for Suprime-Cam (sdfred 
ver.1.4: Yagi et al. 2002; Ouchi et al. 2004). The point spread 
functions (PSFs) in the R c and i' images were matched to 
1.09 arcsec, which was the PSF size of the other optical 
data. The photometric zero-points were determined using 
the photometric standard stars in SA113 (Landolt 1992). 
The 3cr limiting magnitudes were 27.1 and 26.8 in R c and 
i' , respectively. The specifications of all the optical data are 
summarized in Table 1. 



2.2 Near-infrared imaging data 

The NIR imaging data are updated from Hayashi et al. 
(2010), where we had J and i^-band data covering only the 
central 6' x 6' region with Multi-Object Infrared Camera and 
Spectrograph (MOIRCS; Ichikawa et al. 2006; Suzuki et al. 
2008) on the Subaru telescope. MOIRCS consists of two 
2048x2048 HgCdTe detectors with a pixel scale of 0.117", 
and its FoV is 4'x7'. 

We have now obtained a new wide-field 7^-band data 
with Wide Field Camera (WFCAM; Casali et al. 2007) on 
the United Kingdom Infrared Telescope (UKIRT) on 2010 
July 30-31 (U/10A/J3, PI: Y. Koyama) in order to cover the 
entire region of the optical data. WFCAM consists of four 
2048x2048 HgCdTe detectors with a pixel scale of 0.4", and 
each detector can cover 13.65' x 13.65' region. Because the 
detectors are spaced with a gap of 12.83', four pointings are 
required to get a contiguous sky coverage of a 0.75 square 
degrees. A dither pattern of five points with 2x2 small mi- 
crostepping was set for each pointing, and so the individual 
exposures were conducted at 20 different positions for a cy- 
cle at each pointing. The exposure time of each frame was 10 
seconds, and the total integration time at each pointing was 
123 minutes. The weather was fine throughout the two days 
of the observing run, and the sky condition was photometric. 
The seeing was ~1.0 arcsec. 

We reduced the WFCAM data in a standard manner 
using our own IRAF-based software (provided by K. Mo- 
tohara). First, we subtracted a dark frame from individual 
object frames, and then a self-flat image was created by 
combining 80 frames (4 cycles) and taking a median value 
at each pixel. After flat-fielding, all the object frames were 
temporarily mosaiced and co-added. We then conducted a 
source detection on the co-added image. Next, after masking 
the detected objects in the individual frames, we make self- 
flat images again, and then conduct a flat-fielding per each 
observation cycle of 20 frames. After the sky background 
was subtracted from each frame, 20 frames of each cycle are 
combined. Finally, PSF sizes of the images of each cycle are 
matched, and the frames were mosaiced and co-added to 
make the final images. A special care was taken to exclude 
spurious objects due to crosstalk of bright objects. PSF in 
K was matched to 1.09 arcsec. The photometric zero-point 
was determined with 2MASS catalog (Skrutskie et al. 2006). 
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Table 2. Summary of the spectroscopic observations with Sub- 
aru/MOIRCS. 



slitmask 


# of target 


grism 


integration 


seeing 








(minutes) 


(arcsec) 


MOS1 


17 


zJ500 


180 


0.55-0.80 


MOS2 


17 


zJ500 


300 


0.45-0.60 



The 3<r limiting magnitude was 23.3 in K. The specifications 
of the NIR data are also summarized in Table 1 

For J-band, we added the archival data with MOIRCS 
by Hilton et al. (2009) to our own data. Hilton et al. (2009) 
observed a 4'x4' region of the cluster core with the chip 2 
only of MOIRCS with an exposure time of 1485 seconds in 
total. Combining the archive data with our own data, we 
conducted the data reduction again in the same manner as 
in Hayashi et al. (2010) using the data reduction package 
for MOIRCS (mcsred 4 by I. Tanaka et al.). PSF in J was 
matched to 1.09 arcsec. 

2.3 Near-infrared spectroscopic data 

We conducted a follow-up NIR spectroscopy of [O II] emit- 
ters in the central region of the cluster with MOIRCS on the 
Subaru telescope on 2009 September 3-7 (S09B-012, PI: T. 
Kodama). For 34 out of 44 [Oil] emitter candidates identi- 
fied in Hayashi et al. (2010), we obtained NIR low-resolution 
spectra with zJ500 grism with a resolution of R = 700 at 
J-band and a wavelength coverage of 0.9-1.8u.m. The dis- 
persion was 5.57 A pixel -1 . We used two masks, and 17 slits 
were allocated to the [O II] emitter candidates in each mask. 
The width and the length of individual slits were 0.7" and 
11-12", respectively. Depending on the positions of slits on 
the mask, 24 spectra have a wavelength coverage of 1.0- 
1.7u.m, which can neatly cover all the redshifted Ha, H/3, 
[Olll], and [Nil] emission lines if present. The remaining 10 
spectra have a coverage of 1.0-1.35u.m, which covers H/3, 
and [O III] emission lines. Moreover, about two-thirds of the 
spectra, i.e. 21 [O II] emitters, extend down to 0.9u.m. The 
specifications of the spectroscopic observations are summa- 
rized in Table 2. 

We observed the targets consecutively at two positions 
(A and B) with a offset of 3" on the slit. Single exposure time 
was 600 or 900 seconds depending on the sky background 
level. The total on-source integration time was 3 hours for 
the MOS1 mask and 5 hours for the MOS2 mask. We also 
observed a standard star BD+17°4708 (Bohlin & Gilliland 
2004) on each night to correct for a telluric absorption as 
well as the instrumental efficiency, and to make flux calibra- 
tion. Most of the time during the observations, however, the 
weather condition was not good and the sky was covered 
with thin cirrus and not photometric. Therefore, the abso- 
lute flux calibration was very difficult for these spectra. The 
seeing was 0.45-0. 80" in FWHM. 

The data reduction was done with standard procedures 
using IRAF. First, bad pixels and cosmic rays were removed 

4 http: / / www.naoj .org/staff/ichi/MCSRED /mcsred. html 




Figure 1. colour-magnitude diagram of z' vs. z 1 — NB912. Solid 
lines show 3cr excesses of NB912 over z' . Long-dashed and dotted 
lines show 5c and 3c limiting magnitudes, respectively. Short- 
dashed line shows z 1 — ./VB912 = 0.2. Gray dots show galaxies 
brighter than 5<r in NB912. Magenta filled circles indicate NB912 
emitters with more than 2a detections in K, while magenta open 
circles indicate those without detection in K. Blue filled circles 
show our 380 [O II] emitters in the XCS2215 cluster. 

from each frame, and a A— B frame was created from a pair 
of successive frames observed at the two positions A and B. 
Then, flat-fielding was done with a dome-flat image for the 
individual A— B images. Next, distortion was corrected us- 
ing a calibration data provided by the MOIRCS instrument 
team. After extracting a spectrum at each slit, wavelength 
calibration was done with the OH airglow lines. Then, resid- 
ual sky subtraction was carried out, since the A— B proce- 
dure alone might not completely remove the sky background 
due to its time variation. All the spectra for each [O II] emit- 
ter were then co-added and an one-dimensional spectrum 
was extracted by combining ten pixels along a slit. Finally, 
the telluric absorption and the instrumental efficiency were 
corrected using the spectra of BD+17°4708. As an error, the 
sky noise was estimated as a square root of the photon count 
on the sky spectrum. 

2.4 Photometric catalogue 

We make a photometric catalogue in the same manner as in 
Hayashi et al. (2010), but for the wide-field 32x23 arcmin 2 
data instead of the central 6x6 arcmin 2 region of the cluster. 
In this section, we briefly describe our updated photometric 
catalogue. 

Source detections are performed on the NB912 image 
using S Extractor (ver. 2.5.0: Bertin & Arnouts 1996), and 
photometry on the other images, except for the J-band, are 
conducted by the double-image mode of SExtractor. Be- 
cause the FoV of the J-band image is limited to the central 
region and the pixel scale of MOIRCS image is smaller than 
that of Suprime-Cam, the J image is not matched to the 
NB912 image geometrically. Therefore, we independently 
conduct source detections and photometry on the J image 
with SExtractor, and cross-match the detected objects to 
those in the NB912-detected catalogue if the coordinates of 
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Figure 2. (a) Left panel: the colour-colour diagram of B — z' vs. z' — K. The solid lines show our criteria for the selection of [Oil] 
emitters at z ~ 1.46, while the broken lines indicate the original BzK selection criteria defined by Daddi et al. (2004). Blue filled circles 
show 380 [O II] emitters, and magenta filled circles show NB912 emitters other than [O II] emitters. Gray dots are galaxies brighter than 
5<r detection in NB912, and green crosses indicate cluster members confirmed by our MOIRCS spectroscopy and Hilton et al. (2010). (b) 
Right panel: the colour-colour diagram of %' — z' cont vs. R c — i' for the [Oil] emitters and the other NB912 emitters which are identified 
based on the Bz'K diagram (see the left panel). Note that in this plot, Ho emitters at z = 0.39 have already been excluded based on 
R c — i' and B — R c colours. Symbols are the same as in the left panel. Solid lines show the criteria used in Ly et al. (2007). 



the J-detected objects are in agreement with those of the 
NB912-detected objects within a l"-diameter circle. Colour 
indices are derived from the 2"-diameter aperture magni- 
tudes, and MAG-AUTO magnitudes are used as total mag- 
nitudes. Magnitude errors are estimated from ler sky noise 
taking account of the difference in depth at each object posi- 
tion due to slightly different exposure times and sensitivities. 
Magnitudes are corrected for the Galactic absorption by the 
following magnitudes; A(B)=0.10, A(i? c )=0.06, A(i')=0.05, 
A(z')=0.04, A(NB912)=0.04, A(J)=0.02, and A(iv")=0.01, 
which are derived from the extinction law of Cardelli et al. 
(1989) on the assumption of R v = 3.1 and E(B-V) = 0.025 
estimated from Schlegel et al. (1998). We check the zero- 
points of magnitudes in all the bands by comparing stel- 
lar colours with those of stellar spectrophotometric atlas of 
Gunn & Stryker (1983). The zero-point magnitudes are cor- 
rected so that stellar colours are in good agreement with 
those of the stellar atlas. Note that the correction is smaller 
than 0.15 magnitude at most. 

As a result, the catalogue contains 31,144 objects 
brighter than 25.20 mag. in NB912 (5a limiting magnitude) 
over the whole 32x23 arcmin 2 region, except for the masked 
regions. Among them, 27,430 galaxies are distinguished from 
3,714 stars based on B~z and z' — K colours. This technique 
was devised by Daddi et al. (2004), and stars are actually 
well separated from galaxies on this colour-colour diagram 
(B - z vs. z - K) (Daddi et al. 2004; Kong et al. 2006). 



3 SELECTION OF [O II] EMITTERS 

We already surveyed [O II] emitters in the central region 
of the XCS2215 cluster at z = 1.46 with a combination 
of iVi3912 and z'-bands, and identified 44 [Oil] emitters 
(Hayashi et al. 2010). In this paper, we have expanded the 
survey area to the outskirts of the cluster applying the same 
technique used in Hayashi et al. (2010). We thus only de- 
scribe a summary of our selection method below. 

First, we select galaxies with a emission line at ~9139A 
by applying the following criteria; 

(i) *' - NB912 ^ -2.51og(l -yjfl^ + fl, NB912 /M, 

(ii) z' - NB912 ^ -0.2, 

where fscr is the 3a sky noise flux in each band and f z i is the 
z'-band flux (Fig. 1). The first criterion is intended to select 
galaxies with an excess in z' — NB912 colour redder than the 
3cr photometric error. This corresponds to a line flux larger 
than 1.4xl0 -17 erg s _1 cm -2 . If the excess is due to a [Oil] 
emission line at z = 1.46, the limiting flux corresponds to a 
dust-free SFR of 2.6 M Q yr" 1 according to the [Oll]-SFR 
calibration in Kennicutt (1998). The second criterion corre- 
sponds to the observed equivalent width larger than 35A, 
which can exclude the possible contamination of galaxies 
due mainly to photometric errors. As discussed in Hayashi 
et al. (2010), the colour term in z - NB9Y2 is negligible. As 
a result, we select 721 NB912 emitters from 27,430 galax- 
ies over a ^700 arcmin 2 area (Fig. 1). Among them, 482 
emitters are detected in K at more than 2cr level. In what 
follows, we deal with the 7f-detected emitters, because we 
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Figure 3. The celestial distribution of our 380 [Oil] emitters at z ~ 1.46 in and around the XCS2215 cluster. North is up, and east is 
to the left. The horizontal and vertical axes show relative coordinates from the cluster centre. Black dots show the [Oil] emitters, and 
gray regions indicate the masked areas around bright stars which have bad quality image and were excluded from the analyses. Cluster 
core region is denned by a dotted-line circle with a radius of 2', while outskirts region is defined as a ring with a width of 2' between the 
dotted and broken-line circles. Filament region shown by the long-dashed lines is defined to cover the prominent structure of the [O II] 
emitters. The rest of the area is defined as the field. Blue, magenta and green contours show the local density of logE5 t h[Mpc~ 2 ] =1.07, 
0.72, and 0.39, respectively (see §5.1). 



identify the [O II] emitters based on their B — z and z — K 
colours. This means that our emitter sample is both flux- 
and mass-limited. 

It is possible that the detected emission lines are any 
of the following major strong lines; Ha at z=0.39, [Olll] 
at z=0.82-0.84, H/3 at z=0.88, and [Oil] at z=lM. Note 
that we find no candidates for Lya emitters at z=6.51 in our 
sample, because our 482 NB912 emitters are all detected in 
i'-band. In order to discriminate [O II] emitters from other 
lines at different redshifts, we apply the colour selection cri- 
teria to the NB912 emitters; 

(z' cont -K)>{B- z' cont ) - 0.46 U (z' cont -K)> 2.2, (1) 

where Zcont corresponds to a continuum flux calculated 
from equation (3) in §5.3. The original idea comes from 
Daddi et al. (2004) who devised the BzK colour selec- 
tion technique which can efficiently take out galaxies lo- 
cated between 1.4 < z < 2.5. We modified the original 
selection boundaries in Hayashi et al. (2010) so that we 
can sample galaxies at z = 1.46 more completely. Note 
that the selection criteria (1) used in this paper are yet 
slightly different from those adopted in Hayashi et al. (2010). 



Firstly, we use z' cont instead of z', which enables us to 
remove a contribution of emission line to the continuum 
colour to be used in the colour selection. The other is 
that we use K magnitudes taken with WFCAM/UKIRT 
instead of K s magnitude with MOIRCS/Subaru. We es- 
timate 7f s (MOIRCS)-i\"(WFCAM) colours using spectral 
templates of Coleman et al. (1980) which are redshifted to 
1.46, and find that the difference of the filters can result in 
if s (MOIRCS)-#(WFCAM)=0.02-0.05. This works in the 
sense that the emitters close to the border tend to meet the 
criteria more easily. 

With the above criteria, we select 376 [O II] emitters in 
total (Fig. 2(a)). In Hayashi et al. (2010), we identified 44 
[O II] emitters in the central region of the cluster. We check 
whether these previous sample of [O II] emitters are repro- 
duced in the current sample in this paper. Among the 44 
[O II] emitters, however, 11 objects are not identified as [O II] 
emitters in the current sample. This is because of the update 
of photometric catalogue in particular in the K-band. The 
MOIRCS K s image used in Hayashi et al. (2010) is ~ 0.3 
mag. deeper than the WFCAM K image, and we miss some 
[Oil] emitters with faint K magnitudes. In fact, seven ob- 
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Figure 4. Spectra of the [O II] emitters which show H a and [N II] 
emission lines, except for ID-3 and ID-6 where only H a lines are 
detected. They cover a wavelength range of 1.59-1.63u.m in the 
observed frame. The vertical axis is flux density in arbitrary unit. 
The solid lines show the spectra, and the gray regions show lu 
errors. Gaussian profiles are fitted to the lines and are shown by 
the red dotted lines together with the continuum levels. 



jects out of 11 are not detected in the WFCAM K imaging. 
However, for an uniformity of the data across the entire field, 
we use the WFCAM data in this paper. Hilton et al. (2010) 
have spectroscopically confirmed 44 member galaxies in the 
XCS2215 cluster. We have also confirmed membership for 
16 [Oil] emitters with spectroscopy (see § 4). Among them, 
four NB912 emitters do not meet our [O II] selection criteria 
but they turn out to be real members at z ~ 1.46. We thus 
add them to our [O II] emitter sample. Consequently, our 
final [O II] emitter sample consists of 380 galaxies. 

Ly et al. (2007) have classified emission line galaxies 
using only the optical colours. We test this selection method 
based on R c — i' vs. B — R c and i! — z vs. R c — i' diagrams 
used in Ly et al. (2007) and check whether it is effective in 
picking out [Oil] emitters at z ~ 1.46. If this classification 
works, we could select [O II] emitters among those faint in K 
magnitude, i.e. less massive star-forming galaxies. Fig. 2(b) 
shows i'—z' and R c —i' colours for [O II] and the other NB912 
emitters identified by the Bz'K selection method, where H a 
emitters at z = 0.39 have already been excluded from the 
NB912 emitter sample based on the R c ~i' vs. B~R C colours 
(Ly et al. 2007). In Fig. 2(b), it seems that [O II] emitters and 
the spectroscopically confirmed members are relatively well 
distinguished and confined mostly in the bottom-right side 
of the diagram (Ly et al. 2007). However, we also note that 
there are many contaminations from other lines at different 
redshifts. This suggests that the NIR data is essential to 
photometrically select galaxies at z ~l-2, and we decide 
not to use the optical colour selection. 

Also, we calculate photometric redshifts using the eazy 
code (Brammer et al. 2008) with six SED templates of 
EAZY_vl.O and based on the photometry in B,R c ,i,z 
and K bands for the 7f-detected subsample of spectroscopic 
members. However, 20% of the spectroscopic members have 
completely wrong photometric redshifts at Zphot < 1- There- 
fore we do not use the photometric redshift technique either. 

Therefore, in this paper, we will rely on the Bz'K colour 
selection in identifying the [Oil] emitters at z ~ 1.46 among 
the NB912 emitters. 

Fig. 3 shows the distribution of [O II] emitters at z ~ 
1.46, where gray regions are masked due to bad quality of 
the image. We confirm that many [O II] emitters exist in the 
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Figure 5. Same as Fig. 4, but for H/3 and [OIII] emission lines. 
The spectra cover a wavelength range of 1.17-1.25um in the ob- 
served frame. Gaussian profiles with continuum levels are shown 
wherever the H /3 and/or [O III] (A5007) are detected. 

central region, as is already reported in Hayashi et al. (2010). 
Moreover, due to the extension of our survey to the outskirts 
of the XCS2215 cluster, we also find that there is a promi- 
nent filamentary large-scale structure of [O II] emitters from 
the east to the south of the cluster (Fig. 3) . This filament is 
surely one of the largest structures of star-forming galaxies 
at z — 1.46. Recent studies suggest that at lower redshifts 
medium-density regions embedded in large-scale structures 
surrounding clusters are crucial sites to understand galaxy 
evolution (Tanaka et al. 2005; Koyama et al. 2008). The 
discovery of the large-scale structure at z = 1.46 provides 
us with a unique opportunity to investigate environmental 
dependence of galaxy properties in particular those in such 
interesting medium- density environments at this high red- 
shift. In §5, we examine the properties of galaxies in the 
filamentary structure, and compare them with those in dif- 
ferent environments. 



4 SPECTROSCOPIC CONFIRMATION OF 
THE [Oil] EMITTERS 

In Hayashi et al. (2010) and the previous section, we pho- 
tometrically identify 380 [Oil] emitters at z = 1.46 in the 
XCS2215 cluster and its outskirts. However, the confirma- 
tion of [O II] emitters by spectroscopy is essential to verify 
that our method is valid for the selection of [O II] emitters 
at z = 1.46. 

By our MOIRCS spectroscopy, we have detected some 
emission lines, such as Ha, H/3, [Olll], [Nil], for 16 out 
of the 34 targeted [O II] emitters in the cluster region. In 
the case of narrow-band emitters, it is relatively easy to 
identify the detected emission line even if only a single line 
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Table 3. A catalogue of the spectroscopically confirmed [Oil] emitters. 



ID Slitmask R.A. Dec. Redshift Magnitude and Colour^ Emission lines' 













K, 


B - z' 


z' -K s 


[Oil] 


H/3 


[OKI] 


Ha 


[Nil] 


1 


MOS1 


22:15:57.22 


-17:37:53.25 


1.455 


21.20 


1.91 


2.04 


— 


X 


X 


o 


o 


2 


MOS1 


22:15:58.84 


-17:38:10.07 


1.455 


20.91 


1.37 


1.67 


— 


X 


o 


X 


X 


3 


MOS1 


22:15:52.89 


-17:39:08.10 


1.462 


20.97 


1.09 


1.24 


— 


X 


X 





X 


1 


MOS1 


22:16:09.00 


-17:38:32.66 


1.460 


22.01 


1.03 


1.03 


o 








— 


— 


5 


MOS1 


22:16:02.54 


-17:37:56.45 


1.461 


22.51 


1.47 


1.60 


X 


X 


X 


o 


o 


6 


MOS1 


22:15:56.86 


-17:35:58.52 


1.440 


22.86 


0.89 


0.94 


o 


X 


o 


o 


X 


7 






1 7- < \7-A^ 77 


1 452 


20 22 




2 72 












8 


MOS2 


22:16:02.40 


-17:39:53.35 


1.460 


20.98 


1.31 


1.54 

















9 


MOS2 


22:15:57.39 


-17:37:04.11 


1.461 


21.47 


1.42 


1.20 


o 


X 


o 


X 


X 


10 


MOS2 


22:15:57.18 


-17:38:07.88 


1.454 


21.68 


1.15 


1.28 




o 


o 


o 


o 


11 


MOS2 


22:16:07.43 


-17:37:25.22 


1.461 


21.99 


1.22 


1.08 





X 









12 


MOS2 


22:16:07.63 


-17:36:35.68 


1.465 


22.51 


0.71 


0.58 


o 












13 


MOS2 


22:15:56.90 


-17:38:33.88 


1.448 


22.64 


0.63 


1.51 


o 


o 


X 


X 


X 


14 


MOS2 


22:15:49.50 


-17:38:58.35 


1.465 


22.79 


0.67 


0.79 


o 


X 


o 






15 


MOS2 


22:15:59.46 


-17:38:37.61 


1.460 


22.80 


0.71 


0.26 










o 


o 


16 


MOS2 


22:16:08.05 


-17:37:55.95 


1.461 


23.19 


0.78 


0.78 


o 


X 










t Magnitudes and colours are taken from the catalogue of Hayashi et al. (2010). 
\ o: detected, X: not detected, — : no data 



is detected on the spectrum. Because we already detect a 
emission line at ~ 9139A by narrow-band imaging, the pos- 
sible redshifts of the emitters are very limited. For [O II] 
emitters at z = 1.46, Ha and [Nil] lines should be seen at 
A ~1.61|J.m, while H /3 and [O III] lines should be seen at A ~ 
1.19u.m and 1.23u.m, respectively. 

We first perform line detections in the two-dimensional 
spectra by visual inspection, taking care not to be confused 
by residual OH airglow lines or any accidental noises. Among 
the confirmed lines, we then regard a line with a flux larger 
than 2cr of the sky noise as a real signal. Figs. 4 and 5 show 
the one-dimensional spectra of the lines, and a summary 
of the detected lines for the 16 confirmed [O II] emitters is 
shown in Table 3. 

The spectroscopic redshifts and the fluxes of the emis- 
sion lines are measured by fitting Gaussian profiles, where 
the free parameters are amplitude, line width, and redshift. 
Before fitting, we estimate a constant continuum level using 
the regions close to the line and without a contribution of 
strong OH lines, and subtract it from each spectrum. The 
la error of the spectrum is estimated from the covariance of 
X 2 fitting based on the sky noise. We confirm that the error 
is comparable to the sum of the sky noise within 2 x F WHM 
around each line. If a [Nil] emission line is seen in a spec- 
trum, Ha and a doublet of [Nil] (AA6548, 6584) are simul- 
taneously fit to the spectrum, assuming the same line width 
and redshift, and a [N II] ( A6584) / [N II] ( A6548) ratio of 3. In 
the case where several lines are detected for an emitter, we 
determine its redshift by taking an average of the redshifts 
measured by individual lines. 

As a result, we confirm that 16 [O II] emitters are cer- 
tainly cluster member galaxies at z ~ 1.46, which is nearly 
50 per cent (16/34) of our [Oil] emitter sample. For other 
three targets, we do see an emission line at ~ 9100A, but it 
is the only detected line and we are not sure whether it is 
an [O II] line. The spectra of two of them do not cover the 
wavelength where H a line should be seen, unfortunately. It 
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Figure 6. Redshift distributions of the cluster member galaxies. 
The blue histogram shows the 16 [O II] emitters which are spec- 
troscopically confirmed by our MOIRCS observations, while the 
black histogram shows all the 56 members of which 40 redshifts 
are taken from Hilton et al. (2010). Among the 44 members in 
Hilton et al. (2010), four objects overlap with our [Oil] emitters 
that are spectroscopically confirmed with MOIRCS. The solid 
curve shows the response function of the NB912 filter in an arbi- 
trary unit. 



is also possible that the detection limit of Ha at ~1.61|J.m 
is shallower than that of [On] at ~ 0.91u.m. For the re- 
maining 15 targets, no emission line is detected even if a 
spectrum covers the wavelength range down to 0.9(i.m. In 
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Figure 7. The histograms show the numbers of [O II] emitters as 
a function of the local density, T,^^. Blue, green, magenta, and 
black histograms correspond to the core, outskirts, filament, and 
the field regions, respectively (see also Fig. 3). The three vertical 
dashed lines show the boundaries between the four environments 
defined based on the local density. 



MOS1 (MOS2) mask, emission lines are detected for targets 
with [O II] fluxes larger than 0.41(0.23) x 10" 16 erg s" 1 cm" 1 
(see Table 4). We find that 12 out of the 15 targets without 
any line detection have estimated [O II] fluxes similar to or 
smaller than the limiting flux. For the two targets with esti- 
mated [O II] fluxes large enough to be detected, their spectra 
do not cover the wavelength range down to 0.9u.m and we 
cannot confirm their [O II] emission lines. They do cover, 
however, the wavelength range up to 1.7am where Ha lines 
are expected to show up. But we do not detect them, ei- 
ther. For the remaining one target, although we obtain its 
spectrum covering 0.9-1.35um, no line is detected. 

Therefore, except for the three targets with strong 
enough estimated [O II] fluxes, non-detection of any emission 
lines for the [O II] emitter candidates are probably because 
of intrinsically too weak [O II] emission lines, as well as other 
lines which are also weaker than the detection limit. Non- 
photometric weather condition during our spectroscopy may 
have resulted in reducing the success rate of line detections. 

Fig. 6 shows the redshift distribution of the confirmed 
[O II] emitters and that of all the cluster members. We cross- 
identify our 16 [O II] emitters to the 44 member galaxies in 
Hilton et al. (2010), and four galaxies turn out to be common 
objects whose coordinates match together to an accuracy of 
1". Hilton et al. (2010) suggest that the redshift distribution 
may have double peaks, and that such profile may indicate 
that this cluster experienced a cluster-cluster merger event 
within the past few Gyrs. A similar double-peaked profile 
is also seen for the [O II] emitters as well as all the mem- 
ber galaxies (Fig. 6). Although Hayashi et al. (2010) found 
a high fraction of [O II] emitters in the core region of the 
XCS2215 cluster, we were not able to reject the possibility 
that it is due to a projection effect of the [O II] emitters in 
the outskirts along the line of sight which are apparently 
superposed onto the cluster core. However, similarity of the 
redshift distributions between the [O II] emitters and all the 
member galaxies (Fig. 6) strongly suggests that the emitters 
are indeed located in the cluster core in space. 



5 ENVIRONMENTAL DEPENDENCE 
5.1 Definition of environments 

We define four different environments (core, outskirts, fila- 
ment, and the field) based on the spatial distribution of [O II] 
emitters as shown in Fig. 3. The core is defined as the circled 
region with a radius of 2' from the cluster centre, while the 
outskirts is defined as the ring with an inner radius of 2' and 
an outer radius of 4' . The filament is defined as the enclosed 
area by the long-dashed lines which neatly cover the notable 
filamentary structure characterized by relatively high den- 
sity of the [O II] emitters. All the rest is defined as the field 
region. 

As another definition of environment, we will also use 
local density E 5t h, which is calculated using the area where 
the fifth nearest [O II] emitters are included. In the local 
density measurements, it would be desirable to use a whole 
sample of z = 1.46 galaxies including not only blue star- 
forming galaxies but also red quiescent galaxies. However, 
the current photometric redshifts (without J-band in par- 
ticular) are not accurate enough to define such local density 
of the whole population. Therefore, we count only the [O II] 
emitters to define local density as they are most likely lo- 
cated at z = 1.46 with little contamination from foreground 
or background galaxies. It should be noted that Hayashi 
et al. (2010) found that the fraction of [O II] emitters in this 
cluster is almost constant irrespective of the distance from 
the cluster centre. This suggests that even if only [O II] emit- 
ters are used to calculate the local density, we can expect to 
trace the structure of the whole population to some extent. 

Fig. 7 shows the distribution of local density E 5t h of the 
[O II] emitters in each environment defined above based on 
Fig. 3. If the four environments are rearranged in the order 
of decreasing local density, the core is the highest density 
region, filament is the second, the outskirts is the third, and 
the field is the lowest density regions. Note that the large- 
scale filamentary structure (i.e. filament) is actually denser 
than the cluster outer region (i.e. outskirts). 

When we discuss environmental dependence of galaxy 
properties below based on the local density, we divide the 
galaxies into four classes according to the local densities, 
each of which contains an equal number of [Oil] emitters 
(~ 95). The boundaries between the classes are shown by 
the two vertical dotted lines in Fig. 7. 



5.2 colour— magnitude diagram 

Fig. 8 shows the colour-magnitude diagrams in each envi- 
ronment. In the left panel the four environments are defined 
based on the spatial distribution of the [O II] emitters, while 
in the right panel the four environments are divided based 
on the local density (see §5.1). The distribution of the [Oil] 
emitters on the colour-magnitude diagrams indicates that 
the [O II] emitters tend to be blue galaxies in general as 
expected. However, there are some red [O II] emitters with 
z' — K > 2.2. The fraction of the red [O II] emitters seems 
higher in high density regions, such as core, filament, and 
high-Esth regions, compared to other environments. 

Fig. 9 shows this trend quantitatively. The fraction of 
the red [Oil] emitters (z' — K > 2.2) to all the [On] emitters 
is plotted as a function of environment. The galaxies redder 
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Figure 8. The z' — K vs. K colour-magnitude diagram of [Oil] emitters in each environment. (Left panel) Black dots are the [Oil] 
emitters, while gray dots are the galaxies which meet colour criteria given by the equation (1). (Right panel) Same as the left panel, 
but the environments arc separated based on the local density of Esth; (A) high density region, 0.89<logE5 t h, (B) medium-high density 
region, 0.54<logS 5t i 1 <0.89, (C) medium-low density region, 0.24<logS 5t i 1 <0.54, and (D) low density region, logE5 t h<0.24. See text in 
§5.1 for the details of the four environments. Only the [Oil] emitters are plotted in this panel, because the local density is calculated 
with the [O II] emitter sample. 



than z' — K = 2.2 can be called as "red-sequence" galaxies 
for the cluster redshift at z = 1.46 (Hayashi et al. 2010). The 
figure clearly shows an excess of red [O II] emitters towards 
high(-est) density regions. Koyama et al. (2010) reported 
that such red star-forming galaxies in the RXJ1716. 8+6708 
cluster at z = 0.81 are preferentially seen in medium-density 
regions, such as groups, filaments, and the outskirts of the 
cluster, rather than in high-density cluster core. They claim 
that it indicates that the cluster at z = 0.81 has already 
quenched the star formation activity in the high-density re- 
gion, and the region of active star formation has been shifted 
to the medium-density regions. Tanaka et al. (2009) also 
found that there are few red galaxies with [O II] emission in 
the RDCS J1252. 9-2927 cluster at z = 1.24, and such galax- 
ies tend to exist in groups or in the field. These facts may 
suggest that the central region of the cluster at z = 1.46 
is at a similar stage of galaxy evolution to the outskirts of 
clusters at lower redshifts, where red star-forming galaxies 
appear. 

It is clear from Fig. 8, that the colour and magnitude 
of the [O II] emitters correlate in the sense that brighter 
emitters in K tend to be redder in z — K. Furthermore, in 
this cluster, the colour-magnitude diagram shows a deficit 
of red sequence galaxies with K fainter than ~21.5 (Hayashi 
et al. 2010). Galaxy properties are thus strongly magnitude 
dependent. We therefore investigate the dependence of the 
fraction of red [O II] emitters on the A"-band luminosity. It is 
found that the higher fraction of red [O II] emitters towards 
high density regions is dominated by massive [O II] emit- 
ters with K < 21.5 (Fig. 9). For less massive [On] emitters 
with K > 21.5, the fraction of red [Oil] emitters is very 



small, and is not strongly dependent on the environment. It 
is likely that massive [O II] emitters in high density regions 
change to red colours earlier than less massive ones and/or 
in lower density environments. This is consistent with the 
down-sizing scenario that more massive galaxies become qui- 
escent galaxies earlier, and its environmental dependence in 
the sense that galaxy evolution (and down-sizing) proceeds 
earlier in higher density regions (e.g., Tanaka et al. 2005). 

Fig. 10 shows the J—K vs. z' — K colour-colour diagram 
for the 6' x 6' region in the cluster centre where J-band pho- 
tometry is available. We utilize this diagram to investigate 
the nature of the red [O II] emitters. This method is analo- 
gous to the one that is used to separate between starburst 
galaxies and passive galaxies for Extremely Red Objects 
(EROs) based on the strength of the Balmer/4000A break 
feature (e.g., Pozzetti & Mannucci 2000). In the XCS2215 
cluster, Hilton et al. (2010) found eight 24|j.m sources with 
Spitzer/MIPS and three AGNs identified by Chandra X-ray 
data and Spitzer/IRAC mid-IR colours. Among them, we 
cross-identified seven dusty starbursts and three AGNs in 
our catalogue of cluster member candidates, and plot them 
together in the figure. The arrow shows a reddening vector 
estimated from the extinction curve of Calzetti et al. (2000). 
We can notice two sequences of galaxies on this diagram sep- 
arated by the dashed line which is drawn in parallel to the 
reddening vector. One is for passively evolving galaxies with 
a redder z' — K colour for a given J — K, and the other is 
star-forming galaxies which are distributed in the direction 
of the dust reddening vector extended from the blue-cloud. 
The three confirmed AGNs are distributed along the redder 
sequence for passive galaxies. Interestingly, none of the red 
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Figure 9. Fraction of the red [Oil] emitters with z' — K > 2.2 
to all the [O II] emitters is shown by the filled squares as a func- 
tion of environment. Open circles and open triangles, connected 
by the long-dashed lines, show the fractions separated into bright 
and faint sample at K = 21.5, respectively. The data points are 
slightly offset manually to avoid their overlapping. The four envi- 
ronmental bins defined in §5.1 are used in the upper panel, while 
the local densities are used in the lower panel. In the lower panel, 
the black dots show the [O II] emitters with K < 21.5 and the 
gray dots show those with K > 21.5. Four density bins are sep- 
arated by the vertical dashed lines. The right vertical axis shows 
z' — K colours of the [O II] emitters. 



Figure 10. The colour— colour diagram of J — K vs. z' — K for 
the galaxies in the cluster centre where J-band photometry is 
available. Black dots show the [O II] emitters, and gray dots are 
the galaxies which meet our Bz' K criteria given by the equation 
(1). Red and magenta squares show AGNs identified by X-ray 
and mid-infrared colours, respectively (Hilton et al. 2010). Cyan 
circles show dusty starburst galaxies which are detected in 24um 
by Spitzer/MIPS (Hilton et al. 2010). The arrow shows a redden- 
ing vector corresponding to E(B — V) = 0.1, which is estimated 
from the extinction curve of Calzetti et al. (2000). The dashed line 
drawn in parallel to the reddening vector approximately separates 
between passive galaxies (upper) and dusty galaxies (lower). The 
dotted line shows the colour of z' — K = 2.2. 



[Oil] emitters are detected in 24um, and most of them are 
located along the passive sequence with confirmed AGNs. 
Therefore, it is likely that a high fraction of red [O II] emit- 
ters in massive galaxies in the cluster core is caused by en- 
hanced AGN activity in almost passively evolving galaxies. 

Yan et al. (2006) found that [O II] emission lines from 
red galaxies tend to be produced by AGN activities rather 
than star forming activities in the local Universe. Lemaux 
et al. (2010) also found similar results at 2=0.8-0.9. These 
support our results. The high fraction of red [O II] emitters in 
high density regions may suggest that AGN feedback is con- 
tributing to quench star formation activities in galaxies. In 
fact, as we discuss in §7.1, the line ratio diagnosis indicates 
a moderate level of AGN contribution in the [O II] emitters 
located in the central region of the XCS2215 cluster. 



5.3 SFR, specific SFR, and stellar mass 

In this section, we derive SFRs and specific SFRs (SSFRs) 
of the [O II] emitters from their [O II] line fluxes (ergs s~ 
cm -2 ) and continuum flux densities (ergs s _1 cm -2 A -1 ). 
They are calculated from flux densities in NB912 and z' 
bands (/jvs912 and f z >), respectively, as follows; 



-F([Oll]) = /jVS912 AjVB912 



l -(At 



2 /A z 



(2) 



JXjCont fz 



1 — (,fArS912// 2 / )(^-^-B912/A z /) 



(A/ 



(3) 



where Aatb9i2 and A z i indicate FWHMs of the filters, and 
NB912 = 134A and A z , = 955A. 

The SFR is the fundamental quantity to characterize 
the star formation activity in a galaxy. We convert a [O II] 
luminosity into a SFR using the calibration by Kennicutt 
(1998). For a dust extinction correction, we take the follow- 
ing empirical approach. Garn et al. (2010) have found a cor- 
relation between the observed H a luminosity and the dust 
attenuation for H a emitters at z = 0.845 under the High-z 
Emission Line Survey (HiZELS) (equation (6) in Garn et al. 
2010); 



A Ha = -19.46 + 0.50 log! 



erg s - 



(4) 



Because the observed luminosity ratio between [O II] and 
Ha is sensitive to dust extinction, the assumption of the 
constant L[on]/I/Ha is inadequate. Moustakas et al. (2006) 
have found that the correlation between the observed ratio 
of [O II] to H a and E(B — V) is consistent with the Galactic 
extinction curve of O'Donnell (1994) for local star-forming 
galaxies, and we get; 



lo Sio \ L [OV]/ L B.a) oh 



-0.861 E(B-V), 



(5) 
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Figure 11. SFRs of the [Oil] emitters as a function of stellar mass in four environments; (a) core, (b) filament, (c) outskirts, and (d) 
field. The left panel shows the SFRs converted from the observed [Oil] luminosities, while the right panel shows the dust-corrected SFRs. 
See text for the details of the dust correction. 
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Figure 12. Same as Fig. 11, but for the specific SFRs. 



= -0.342 A Ho 



(6) 



where Au a = 2.52E(B — V) assuming the Galactic extinc- 
tion curve of O'Donnell (1994). Under the assumption that 
the two relations of (4) and (6) are valid for the [O Ii] emit- 
ters at 2 = 1.46, we use them to derive a Ha luminosity, 
^Ha.obs, and a dust attenuation index, An a , from the ob- 
served [0 Ii] luminosity. Then, the dust- corrected H a lu- 
minosity is converted into a SFR cor r using the relation of 



Kennicutt (1998). It should be noted that the amounts of 
dust attenuation are comparable to those derived from the 
Balmer decrement of H/3/Ha (§ 7.2). Furthermore, we find 
that E(B — V)s derived from broad-band colours in B — z' us- 
ing the equation (4) of Daddi et al. (2004) are consistent with 
those derived from [O Ii] luminosities under the assumption 
that the ratio between stellar and nebulous components in 
dust extinction is 0.44 (Calzetti et al. 2000), although the 
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Figure 13. The integrated SSFR (ESFR/EM*) as a function 
of environment. The integrated SSFR is defined as the integrated 
SFR (SSFR) divided by the integrated stellar mass (EM*) for the 
[O II] emitters in each region. Filled squares show the integrated 
SSFRs for all the [O II] emitters. Open circles show those of [O II] 
emitters with M*> 1O 1O ' 5 M0, while open triangles show those 
of the [Oil] emitters with M*< 10 10 - 5 M Q . The data points arc 
slightly offset manually to avoid their overlapping. In the lower 
panel, black dots show the SSFRs of the individual [O II] emitters 
with M*> 10 10 - 5 Mq, and gray dots are those of the [0 II] emitters 
with M*< 10 10 - 5 M Q . The right vertical axis shows specific SFR. 



scatter is large. These facts support that our dust correction 
method is valid. 

For the [Oil] emitters at z = 1.46, K-\>«nA corresponds 
to the rest-frame z'-band, i.e. ~8900A. We estimate stellar 
masses of the [O II] emitters using an empirical relation be- 
tween stellar mass for Jf-selected galaxies at z > 1.4 and 
its K magnitude given in Daddi et al. (2004). The mass-to- 
light ratio of a galaxy is calibrated with its z — K colour, 
which can reduce the dispersion of derived stellar mass to 
<r(Alog(M*)) = 0.20 (Daddi et al. 2004). Using thus derived 
stellar mass of individual galaxies, we also derive SSFR by 
dividing SFR by the stellar mass. 

Fig. 11 shows SFRs of the [Oil] emitters in each en- 
vironment as a function of stellar mass. There is a weak 
correlation that more massive galaxies tend to have larger 
SFRs, except for the [O II] emitters in the field region. It is 
also notable that, although there is a considerable scatter, 
for a given stellar mass, the [O II] emitters in the cluster have 
similar SFR cor r to those of field galaxies at z = 1.5 — 2.5 (Erb 
et al. 2006; Daddi et al. 2007; Hayashi et al. 2009; Yoshikawa 
et al. 2010). This suggests that, at z = 1.46 the environmen- 
tal dependence of star formation activity is weak, and that 
galaxies in the XCS2215 cluster at z = 1.46 have conducted 
strong star formation activities just comparable to those in 
the general field. 

Fig. 12 shows SSFR as a function of stellar mass, which 
suggests that more massive galaxies have lower SSFR. Mas- 



sive galaxies do not necessarily enhance their star formation 
activity. We investigate the global SSFR, which are calcu- 
lated from integrated SFR corr divided by integrated stellar 
mass for the [Oil] emitters in each environment (Fig. 13). 
This figure also supports that star formation activity of 
galaxies at z — 1.46 is not dependent on environment 
strongly. 

At redshifts below unity or so, the star formation activ- 
ity in clusters is significantly weaker than that in the sur- 
rounding regions. In RXJ1716. 8+6708 cluster at z = 0.81 
and XMMU J2235.3-2557 cluster at z = 1.39, no star- 
forming galaxies is found within ~200-250kpc from the clus- 
ter centre (Koyama et al. 2010; Lidman et al. 2008; Rosati 
et al. 2009; Bauer et al. 2011). However, Hayashi et al. 
(2010) and Hilton et al. (2010) found that there are a sig- 
nificant fraction of star-forming galaxies near the centre of 
the XCS2215 cluster. Fassbender et al. (2011) also found an 
on-going starburst activity in XMMU J1007.4+1237 cluster 
at 2 = 1.56. Most of the clusters at z > 1.5 are likely to hold 
active star formation in the core regions. In order to make 
an evolutionary link to the lower- redshift clusters with inac- 
tive cores, some processes must take place to suppress star 
formation in the central regions in the short time interval 
between z ~ 1.5 and z ~ TO (< 1.5 Gyrs). 



6 COSMIC EVOLUTION OF STAR 

FORMATION ACTIVITY IN CLUSTERS 

In this section, we compare the global SSFR of the XCS2215 
cluster with those of clusters at lower redshifts. For clusters 
at z < 1, the redshift evolution of the global SSFRs ap- 
proximately follow a relation of ~ (1 + z) 6 although the 
scatter is large (e.g., Finn et al. 2005; Koyama et al. 2010). 
For comparison with those previous studies, we derive inte- 
grated SSFR and dynamical mass of the XCS2215 cluster in 
the same manner as in the previous works. 

To derive the integrated SFR (SSFR) in the XCS2215 
cluster, we sum up individual SFR cor r of the [O II] emitters 
within a radius of 0.5xi?200, where -R200 is a radius within 
which the averaged matter density is 200 times larger than 
the critical density. Previous studies apply a constant dust 
extinction, Ahc«=1, to derive intrinsic SFRs, which is differ- 
ent from our correction for dust extinction adopted in this 
paper. Thus, for this comparison only, we apply the same 
amount of correction, Au_ a =l. The cluster mass, M c i, is es- 
timated from the velocity dispersion of the cluster, which is 
720 km s _1 (Hilton et al. 2010). Then, we use equations (4) 
and (5) in Koyama et al. (2010) to derive -R200 and M c i for 
the XCS2215 cluster. The radius, R200, is 0.8 Mpc which cor- 
responds to 1.57 arcmin (Hilton et al. 2010). The mass, M ct , 
is 2.81 x 10 14 M Q . As a result, the integrated SFR, SSFR, is 
764±23.3M Q yr" 1 . 

Before comparing with the previous studies, there are 
two issues to keep in mind. One is that R200 and M c i derived 
from the velocity dispersion may be overestimated. Hilton 
et al. (2010) pointed out that the redshift distribution of 
cluster members shows a bimodality, and thus this cluster 
may have been experiencing a merger event in the recent 
past within a few Gyr or so. Our spectroscopy also shows a 
similar redshift distribution for the [O II] emitters. The other 
issue is that our [Oil] survey may be underestimating the 
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Figure 14. The integrated SFR per unit cluster mass 
(SSFR CO rr/Af c i) is plotted as a function of redshift. The inte- 
grated SFR, SSFR corr , is a sum of the SFR corrected for dust 
extinction assuming An a = 1. The cluster mass, M c \, is derived 
from the velocity dispersion. The filled square shows our data 
point of the XCS2215 cluster. Open circles show other clusters 
taken from the literature; A1689 (z = 0.183) from Balogh ct al. 
(2002), A2390 (z = 0.228) from Balogh & Morris (2000), AC114 
(z = 0.320) from Couch et al. (2001), CL0024.0+1652 (z = 0.395) 
from Kodama et al. (2004), A851 (z = 0.41) from Koyama ct al. 
(2011), CL1040 (z = 0.704), CL1054-12 (z = 0.748) and CL1216 
(z = 0.794) from Finn ct al. (2005), RXJ1716(z = 0.81) from 
Koyama et al. (2010), and CLJ0023+0423B (z = 0.845) from 
Finn et al. (2004). 



integrated SFR compared to the Ha surveys. Our SSFRs 
are derived from [O II] luminosities, while the SSFRs in the 
other studies are derived from H a luminosities. Our [O II] 
survey is probably more sensitive to dust extinction and the 
depth (2.6M0yr _1 ) is also slightly shallower than the Ha 
surveys (<lM0yr _1 ) at lower redshifts in terms of dust-free 
limiting star formation rates. In spite of such differences 
between our study and the previous ones, however, it is still 
worth comparing among these results. 

Fig. 14 shows the SSFRs of clusters as a function of 
redshift. The XCS2215 cluster has the largest SSFR among 
the clusters plotted in the figure, and there is a general 
trend that the star formation activity in galaxy clusters in- 
creases with redshift out to z ~ 1.46. It should be noted 
that both of the two issues described above lead to the con- 
servative estimation of SSFR for the XCS2215, which would 
therefore strengthen the trend that we claim. This result 
seems reasonable, because the cosmic star formation rate 
density keeps rising to z ~ 2 on average and the redshift 
of z = 1.46 is closer to the epoch when galaxy clusters are 
formed. Tadaki et al. (2011) suggest that the star formation 
activity in cluster/proto-cluster may be even stronger than 
in the field at z ~ 2. As suggested in § 5, the redshift range 
of 2 =1.5-2.5 is probably the epoch when galaxies form stars 
very actively irrespective of their environments. 



7 SPECTROSCOPIC PROPERTIES OF THE 
[On] EMITTERS 

In this section, we discuss spectroscopic properties of the 
[O II] emitters using the ratios of detected emission lines. 
Table 4 shows the observed [O II] luminosities and the ratios 
of emission lines. 




-1.5 -1 -0.5 

Log ([Nil] X6584)/(Ha X6563) 

Figure 15. The emission-line diagnostic diagram showing 
[OlIl](A5007)/H/3 vs. [N II](A6584)/H a ratios. The dashed curve 
shows the boundary separating star forming galaxies and AGNs 
based on the SDSS data (Kauffmann et al. 2003). The dotted 
curve shows a theoretical boundary given in Kewley ct al. (2001). 
Star forming galaxies arc located on the bottom/left side of the 
curves, while AGNs are located on the top/right side. The re- 
gion between the two curves is a composite region, where both 
star formation and AGN are contributing. Filled circles show the 
[O II] emitters with all the lines detected, while open circles indi- 
cate those with some lines un-detected and 2cr sky noise levels are 
shown as upper/lower limits. The definitive AGN is marked by an 
open square. The dot-dashed lines show Log([N II](A6584)/H a)=- 
0.2 and Log([0 III](A5007)/H /3)=0.83, which arc used to separate 
AGNs when only either of the ratios can be measured (Fig. 16). 



7.1 AGN contribution 

Since the AGN activity in the Universe peaks at z ~ 2 
(e.g., Ueda et al. 2003), it is important to investigate a con- 
tribution of AGN to our [O II] emitters before discussing 
their spectroscopic properties. Yan et al. (2006) investigated 
the origin of [O II] emission lines from local galaxies using 
the SDSS data, and concluded that [On] emission lines 
from red galaxies are dominated by radiation from low- 
ionization nuclear emission- line regions (LINERS), rather 
than star-forming Hll regions. On the other hand, [O II] 
emission lines from blue galaxies mainly come from star for- 
mation. Lemaux et al. (2010) conducted NIR spectroscopy 
of LINER-type galaxies in clusters at 2=0.8-0.9 and ob- 
tained similar conclusions to those of Yan et al. (2006). Al- 
though most of our [O II] emitters have blue colours hence 
their [O II] emissions are likely due to star formation, these 
studies demonstrate the importance of evaluating the AGN 
contribution in our [O II] emitters. 

The two emission line ratios of [N Il]/H a and [O Ill]/H /3 
are frequently utilized to distinguish star-forming galax- 
ies from AGNs (e.g., Baldwin et al. 1981; Kewley et al. 
2001; Kauffmann et al. 2003). Fig. 15 shows a [Nll]/Ha 
vs. [O Ill]/H /3 diagram for our [O II] emitters in the XCS2215 
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Table 4. Line properties of our 16 spectroscopically confirmed [O II] emitters. The observed [O II] luminosities, ratios of emission lines, 
color excesses, and oxygen abundances are shown. 



ID 


[Oil] fluxt> a 


[Oil] luminosity^''' 


Ha/H/3 


E(B - V) c 


[N II] /Ha 


Z(N2) d 


[OlIl]/H/3 


Z(03H/3) e 


Comment 


1 


0.58±0.08 


0.77±0.11 
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5 


0.41±0.09 


0.55±0.12 






0.34±0.23 


bM -0.28 








6 


0.72±0.10 


0.93±0.13 






<0.48 




>6.77 




AGN 


7 

8 
9 


1.33±0.13 
2.30±0.13 
1.64±0.12 


1.75±0.18 
3.06±0.17 
2.20±0.16 


5.06±1.57 
7.44±2.54 


54+0-36 

91+0- 40 

-0.28 


0.54±0.20 
0.32±0.08 


8.751°;?? 
8.62^0-0? 


<0.63 
3.87±1.35 
>7.94 


>8.899 

S - di -0.24 


AGN 


10 
11 


1.27±0.09 
0.98±0.11 


1.67±0.12 
1.31±0.15 


4.36±0.81 


40+0- 20 

u -^-0.16 


0.45±0.08 




0.86±0.32 
>2.19 


<8.555 




12 


0.94±0.12 


1.27±0.17 










2.02±0.58 


o tro + 0.11 
»-t>»_0.09 




13 


0.23±0.07 


0.29±0.09 










<0.86 


>8.824 




14 


0.29±0.10 


0.40±0.13 










>3.15 


<8.412 




15 
16 


1.04±0.09 
0.38±0.08 


1.39±0.12 
0.51±0.11 


5.97±1.33 


70+0- 24 

u -'-0.19 


0.09±0.04 


8.30+g;" 


5.63±1.14 
>3.10 


7.87+OjS 
<8.419 





f Corrected for the filter response based on the spectroscopic rcdshift. 
a The numbers are in the units of 10 — 16 erg s — 1 cm -2 . 
b The numbers are in the units of 10 42 cry s . 

c E(B — V) is derived from the Balmer decrement (Hoj/H/3 ratio). 

d Z(N2) is oxygen abundance, 12+log(0/H), estimated from the [Nll]/Hct ratio. 

e Z(03H/3) is oxygen abundance, 12+log(0/H), estimated from the [OlIl]/H/3 ratio. 



cluster. The dashed line shows a boundary separating be- 
tween star forming galaxies and AGNs, which is defined 
based on the SDSS data (Kauffmann et al. 2003). The dot- 
ted line shows a theoretical boundary given by Kewley et al. 
(2001). For our spectroscopic sample, there are only three 
[O II] emitters with all the emission lines detected (see Ta- 
ble 3). If either of the line ratios is not available, we evaluate 
an upper or lower limit of the ratio by assuming a Gaus- 
sian profile with a peak flux that is twice the sky noise and 
a = 10A for the non-detected line. We note that the assumed 
width of the Gaussian profile is comparable to those of the 
detected lines. We show the galaxies with such upper/lower 
limit(s) by open circles with arrow(s) in Fig. 15. Fig. 16 
shows [N Il]/H q and [O Ill]/H /3 ratios, separately. The num- 
ber of objects shown in the plots is significantly increased. 
The dot-dashed lines indicate Log([N Il]/H a)= -0.20 and 
Log([0 Hl]/H /3)= 0.83, respectively, above which emission 
line ratios are more AGN-like. 

Almost all the [O II] emitters for which all the four emis- 
sion lines are available are located in the composite region 
between the dotted and the broken lines in Fig. 15. Only one 
of them is clearly in the AGN region. Fig. 16 also shows that 
few [O II] emitters have a large contribution of AGN. Only 
three [O II] emitters are located above the threshold lines 
for AGN. Therefore, it is unlikely that our [O II] emitters 
are dominated by AGNs. Although the red [O n] emitters 
may have more contribution of LINER/ Seyfert- type AGNs 
as pointed out by the previous studies (Yan et al. 2006; 
Lemaux et al. 2010), Fig. 8 shows that a large fraction of 
our [O II] emitters are distributed in the blue cloud, and thus 
most of the [O II] emission lines are more likely to be orig- 
inating from star formation activity rather than AGN. At 



the same time, however, AGN contribution is not negligible, 
and a part of the [O II] emission line fluxes may come from 
AGNs. 

Hilton et al. (2010) detected two X-ray point sources 
with Chandra among the spectroscopically confirmed mem- 
bers of XCS2215 cluster, whose limiting fluxes are « 1.0 x 
10~ 16 erg s _1 cm~ 2 corresponding to I/x(2-iokcV) ^ 0.8 x 
10 42 erg s _1 at z = 1.46 if the spectral index of a = 2 and 
A^h = 1.0 x 10 22 cm~ 2 are assumed (Hilton et al. 2010). 
Moreover, they found that one of the 24|j.m sources has a 
mid-infrared SED based on the Spitzer data that is consis- 
tent with an AGN although none of the 24(im sources are 
detected in the X-ray data. Among these three AGN candi- 
dates, two of them (a X-ray source and a 24um source) are 
included in our [O II] emitter sample. The X-ray source is 
ID-2 of the [O II] emitters, while no line is detected in our 
MOIRCS spectrum for the 24^m source. This suggests that 
most of our [O II] emitters are not heavily contaminated by 
AGN activities, except for the red [O II] emitters (§ 5.2 and 
Fig. 10). 

All these results support that the XCS2215 cluster has 
active star forming activities even in the core of the cluster 
as reported in Hayashi et al. (2010) and Hilton et al. (2010). 
As Figs 15 and 16 indicate, we cannot completely ignore 
the contribution from AGNs, and in principle, we must take 
care of the influence of AGN on the line flux when we discuss 
the properties based on the emission line fluxes. However, 
since it is impossible to quantitatively measure a contribu- 
tion of AGN to the line flux with the currently available 
data, we have to assume at this stage that [O n] fluxes orig- 
inate purely from star formation in §5.3. It should be noted 
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Figure 16. The emission-line ratios as a function of [Oil] lu- 
minosity. The upper panel shows [N II] (A6584) /H a ratios, while 
the lower panel shows [O III] (A5007) /H ratios. Filled circles in- 
dicate the objects with both of the lines detected. Open cir- 
cles indicate those without either of the lines, and thus these 
line ratios are upper/lower limits. The dot-dashed lines show 
Log([Nll](A6584)/Ha)=-0.2 and Log([0 IIl](A5007)/H/9)=0.83. 
Three AGNs candidates are marked by open squares. The num- 
bers indicated beside the symbols correspond to the ID numbers 
of the [O II] emitters as listed in Table 4 for comparison. 



therefore that the SFRs derived from the [O II] luminosities 
are probably overestimated. 



7.2 Dust extinction 

The galaxy properties derived from the observables (colours 
and line intensities) are sensitive to the correction for dust 
extinction. In order to estimate the amount of dust extinc- 
tion for stellar continuum flux, the SED fitting to the multi- 
band photometric data is frequently conducted. However, 
it is hard to break the degeneracy between stellar age and 
dust reddening. Also the amount of dust extinction for the 
nebular emission lines from Hll regions is different from that 
of the stellar continuum SEDs. A large uncertainty exists in 
the conversion from stellar reddening to nebular reddening. 

One of the reliable methods to derive the amount of 
dust extinction of the nebular emission is to use the Balmer 
decrement (i.e. H a/H /3 ratio). Under the assumption of the 
Case B recombination, intrinsic flux ratio of the two Balmer 
lines is expected to (Ha/H/3)i nt = 2.86. By comparing the 
observed flux ratio, (H a/H /3)„b s , with the intrinsic one, we 
can estimate the amount of dust extinction as follows; 



E(B - V) 



where k(\ijp) — k(\ Ha ) = 1.14 as calculated from the 
O'Donnell (1994) extinction curve (as in §5.3). 

There are four [O II] emitters in our spectroscopic sam- 



ple for which both of the Balmer lines are detected. The de- 
rived amounts of dust extinction are E(B— V) = 0.5431q'25| , 
OMOtu frl, 0.40llS:i§3, and 0.700+°,;^ for ID-7, ID-8, ID- 
10 and ID-15, respectively. These colour excesses correspond 
to A Ha = 1.371°;!°, 2.29t£;°°, 1.01±g;S, and 1.761°;*°, re- 
spectively. Note that these E(B — V) values are compara- 
ble to those of the BzK-selected field galaxies (Yoshikawa 
et al. 2010). The estimated dust extinction is larger than the 
nominal value of H a flux, Ay_a = ^ that is frequently used in 
the literature. If we correct [O II] fluxes only by the amount 
corresponding to An a =\ for all our emitters uniformly, the 
intrinsic [O II] fluxes are likely to be underestimated signifi- 
cantly. 

For the two [Oil] emitters of ID-6 and ID-8, both 
[Oil] and Ha lines are detected. The observed ratio 
of the two lines can provide us with another estima- 
tion of Aua using the equation (6). The observed ra- 
tios, L<ou]/Luct, for ID-6 and ID-8 [Oil] emitters are 
0.393±0.217 and 0.438T0.066, respectively. These corre- 
spond to J 4 H a=lT9lQ;°g and 1.051q'isi respectively. For the 
ID-8, two independent measures of dust attenuation differ 
by a large amount (~1 mag) although the uncertainties of 
the both measurements are large. Such discrepancy may be 
caused by a contribution of an AGN to the line fluxes. 

In §5, we use the dust extinction law which is dependent 
on SFR (i.e., Ha luminosity). Here, we can verify whether 
the Garn et al. (2010) relation is valid for our [O II] emitters 
using the spectroscopic sample. In the same manner as in 
§5, we estimate Am* from the [O II] flux derived from the 
narrow-band imaging but is corrected for filter response us- 
ing the accurate spectroscopic redshift. We obtain An a =1.9- 
2.1 based on the Garn et al. (2010) relation, which is con- 
sistent with the estimated value by the Balmer decrement 
technique. Therefore our method of dust extinction correc- 
tion based on the Garn et al. (2010) relation is confirmed to 
be valid for the [Oil] emitters (§5). However, it is possible 
that [O II] fluxes are slightly over-corrected for dust extinc- 
tion, and thus SFR cor r for the [O II] emitters may be a little 
overestimated. 



7.3 Gas-phase metallicity 

It is well known that the electron temperature reflects gas 
metallicity (Kewley & Dopita 2002; Kobulnicky & Kewley 
2004; Erb et al. 2006). Because the auroral lines which are 
used to derive electron temperature are weak and can be 
observed only for galaxies with low metallicities, it is very 
difficult to estimate gaseous metallicity even for the local 
galaxies with this method. We can only use the ratios of 
strong emission lines which are emitted from different ioniza- 
tion levels, to derive gaseous metallicities of high-z galaxies. 
There are several metallicity diagnostics that have been in- 
vented, namely R23 and N2 methods which can estimate gas- 
phase oxygen abundance, 12+log(0/H). However, different 
methods do not always give consistent oxygen abundances. 
Even if the same diagnostic is used, different calibrations 
lead to very different metallicities (Kewley & Dopita 2002; 
Kobulnicky & Kewley 2004). Therefore, one should make 
sure to use the same diagnostics and calibration in order to 
make any proper comparison with other results. 

We derive gas phase metallicities of our [0 11] emitters 
using the two diagnostics. One is based on Ha/[Nll] flux 
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Figure 17. (a) Left panel: mass-metallicity relation for the [O II] emitters in the XCS2215 cluster. Mctallicities are derived from [N II] /H a 
line ratios. Filled circles show the objects with both of the lines detected, while open circles show those with only either of the lines 
detected. Arrows indicate upper/lower limits in metallicity. Open squares show UV-selected galaxies at z ~ 2, and open triangles indicate 
the local star- forming galaxies (Tremonti et al. 2004; Erb ct al. 2006). The dotted line corresponds to the solar oxygen abundance of 
12+log(0/H) = 8.66 (Asplund ct al. 2004). The dashed line shows the abundance for galaxies with the flux ratio of log([N Il]/H a)=-0.2. 
Objects with [Nll]/H« ratio larger than the value are likely to be an AGN (§7.1). (b) Right panel: same as the left panel, but for 
mctallicities derived from [OlIl]/H/3 line ratios. Solid lines show mass-metallicity relations at z =0.07, 0.7, 2.2, and 3.5 (Maiolino et al. 
2008). 



ratios and its calibration by Pettini & Pagel (2004), and the 
other is based on H/3/[OlIl] flux ratios and its calibration 
by Maiolino et al. (2008). Both diagnostics are not sensi- 
tive to dust extinction, because the wavelength difference 
of the pair lines is very small. If only either of the lines is 
detected, the upper/lower limit of metallicity is estimated. 
Fig. 17 shows thus derived metallicities of our [O II] emit- 
ters in the XCS2215 cluster plotted as a function of stellar 
mass. Fig. 17(a) shows the metallicities from Ha/[Nll] ra- 
tios, while Fig. 17(b) shows the metallicities from H /3/[0 III] 
ratios. Stellar masses are already derived in §5. In both pan- 
els, we also show the mass-metallicity relations at different 
redshifts taken from the literature (Tremonti et al. 2004; Erb 
et al. 2006; Maiolino et al. 2008) for comparison. 

Although the error bars are large, Fig. 17 suggests that 
there is a weak mass-metallicity relation in the sense that 
more massive galaxies have higher metallicities. The metal- 
licities of our [O II] emitters are comparable to those of the 
galaxies at z=2-3 (Erb et al. 2006; Maiolino et al. 2008). 
Our sample has the galaxies in a high density galaxy clus- 
ter, while the samples of the above previous studies are the 
galaxies in the general field at 2=2-3. It seems that the 
star- forming galaxies in the cluster at z = 1.46 have a simi- 
lar mass-metallicity relation to that of the field galaxies at 
z=2-3. Although the redshift range is slightly different, this 
may suggest that the mass-metallicity relation is not very 
dependent on environment at z >1.5. Here, we must take 
into account the contribution of AGN to the line flux ratios. 
A larger contribution of AGN would make both [Nil] /Ha 



and [O Hl]/H /3 larger, meaning that the derived metallicities 
are over-estimated with [N Il]/H a and under-estimated with 
[OlIl]/H/3, respectively. As discussed in the previous sec- 
tion, our [O II] emitters may have a moderate level of AGN 
contribution. In fact, the metallicities estimated by the two 
different line ratios are not in good agreement. However, we 
can still trust the relative trend such as the existence of the 
mass-metallicity relation (but not its absolute values) as far 
as the same method is used uniformly. In order to quantify 
the evolution of the mass-metallicity relation at z > 1.5, we 
need to evaluate the AGN contribution, but it is beyond the 
scope of this paper. 

The fact that the mass-metallicity relation for the 
XCS2215 cluster is similar to that of the field at z ~ 2, may 
further support the lack of environmental dependence, due 
probably to the high star formation activity in the cluster 
cores at this high redshift comparable to that in the field. 



8 SUMMARY 

We conduct a wide-field survey of [O II] emission line galax- 
ies in and around the XMMXCS J2215. 9-1738 cluster at 
z — 1.46 with Subaru/Suprime-Cam. This survey is an ex- 
tension of our previous study reported in Hayashi et al. 
(2010) which was limited to the central 6'x6' region of the 
cluster. By combining the UKIRT K imaging data, we have 
now extended the analyses to the entire 32'x23' region. We 
investigate colours and star formation activities of the [O II] 
emitters in various environments from the cluster core to 
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the surrounding field at z = 1.46. Moreover, we conduct a 
follow-up near-infrared spectroscopy of 34 [O II] emitters in 
the cluster core identified in Hayashi et al. (2010) with Sub- 
aru/MOIRCS, and obtain zj spectra covering a wavelength 
range of 0.9-1.8[im. These spectra enable us to confirm the 
existence of [O II] emission lines, and to investigate the de- 
tailed properties of the [O II] emitters on the basis of multi- 
ple nebular emission lines such as H /3, [O ill], H a, and [N n]. 
Our findings are summarized below. 

(i) We select 380 [O II] emitters at z = 1.46 down to a line 
flux of 1.4 x 10 -17 erg s _1 cm~ 2 in our entire survey area of 
32'x23'. The spatial distribution of the [O II] emitters shows 
a well-defined filamentary structure of star forming galaxies 
to the east/south of the cluster as well as a concentration 
of such galaxies in the cluster core. The filament is one of 
the largest structures of star-forming galaxies at high red- 
shifts (1.3 < z < 3). Based on the 2D structures, we define 
four different environments, namely, cluster core, outskirts, 
filament, and the field, in order to investigate the environ- 
mental dependence of the properties of star-forming galaxies 
at z = 1.46. 

(ii) We spectroscopically confirm that at least 16 [Oil] 
emitters are certainly located at z = 1.46 out of 34 tar- 
geted [O Ii] emitter candidates in the cluster core. Only a 
single emission line is detected at ~9100A for three candi- 
dates. The other 15 candidates have no detected emission 
lines. However, the [O Ii] fluxes estimated by the narrow- 
band imaging suggest that it is likely that most of them have 
fluxes of emission lines smaller than the limiting flux. This 
thus assures that our photometric selection technique is valid 
to efficiently sample [Oil] emitters at z = 1.46. The redshift 
distribution of the confirmed emitters is consistent with that 
of the confirmed cluster members reported in Hilton et al. 
(2010), and is likely to have a double-peak feature. 

(iii) The z' — K vs. K colour-magnitude diagram shows 
a higher fraction of [Oil] emitters on the red sequence in 
the cluster region than that in the other environments. This 
suggests that some processes which work in the cluster core 
are responsible for the red colours of some [O Ii] emitters. It 
is also noted that most of the red [O Ii] emitters are mas- 
sive galaxies. Their SEDs indicate that they are more likely 
passive galaxies with AGNs. We argue therefore that AGN 
feedback may be a good candidate for physical processes to 
quench star formation activities in massive galaxies in high- 
density regions. 

(iv) The cluster (XMMXCS J2215. 9-1738) has been con- 
ducting star formation at rates comparable to those in other 
environments. This supports our previous study (Hayashi 
et al. 2010) which found a high star formation activities in 
the cluster central region. It is also found that the global 
specific star formation rate of galaxy cluster, which is cal- 
culated as the integrated SFRs divided by the integrated 
stellar masses of galaxies within a radius of 0.5x7?200, in- 
creases with redshift up to z — 1.46. 

(v) We investigate the flux ratios of emission lines, 
[OlIl]/H/3 and [Nii]/Hq, to distinguish between star- 
forming galaxies and AGNs. On a diagram showing both line 
ratios, our [O Ii] emitters are preferentially located in the in- 
termediate, composite region where both star-formation and 
AGN are likely to be contributing. It is therefore unlikely 
that many of the [O Ii] emitters are heavily contaminated 



by strong AGNs, but at the same time it is likely that the 
AGN contribution is not negligible. 

(vi) We estimate the strength of dust extinction from the 
Balmer decrement measurements (H j3 /H a) for four of the 
[O Ii] emitters where both lines are detected. It is found that 
the extinction index E(B — V) ranges from 0.40 to 0.91, sug- 
gesting that [O Ii] emission line flux is considerably subject 
to dust extinction. 

(vii) We derive gas-phase metallicities for the [O Ii] emit- 
ters from [N Il]/H a or [O Ill]/H /3 line ratios where available. 
It is found that our emitters in the cluster at z = 1.46 are 
located on a mass-metallicity relation, which is similar to 
that of the star-forming galaxies in the field at z ~ 2. This 
may also suggest that the star formation activity at z ~ 1.5 
and beyond is not strongly dependent on environment. 

In summary, we find that star formation activity of 
galaxies at z = 1.46 is not yet strongly dependent on envi- 
ronment, and that even the cluster core is experiencing high 
star forming activity comparable to those in other lower- 
density regions. Our results also suggest that more detailed 
understanding of AGN activities along with star formation 
activities is crucial to reveal galaxy evolution in clusters in 
particular the physical mechanisms of quenching star forma- 
tion. Larger, systematic near-infrared spectroscopic surveys 
such as those capable with Subaru/FMOS will enable us to 
understand the inter-relationship between galaxy and AGN 
activities, and their co-evolution. 
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